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 ABSTRACT   In this paper Space Vector Pulse Width Modulation for three phase voltage source is implemented both in Linear and Overmodulated regions. The maximum sinusoidal output is reached if the reference is equal to 1/√3Vdc, and the trajectory is a circle inscribed inside the hexagon which is called Linear Modulation range. If reference is more than this value, then it is called Over modulation range. In both the regions, SVPWM is implemented using MATLAB and results are compared.   Keywords—SVPWM;Linear Modulation; Over modulation; Modulation Index; VSI; I.  INTRODUCTION  The Space-vector PWM technique is used to switching control signals to be applied to the threeinverter. The SVPWM inverter is used to offer 15% increase in the dc link voltage utilization and low output harmonic distortions compared with the conventional sinusoidal PWM inverter. The control strategy of the SVPWM inverter is the voltage/frequency control method which is based on the space-vector modulation technique. For constant torque output, the air gap flux in the motor is maintained constant by operating on a constant voltage/frequency supply. However, the analysis assumes negligible winding resistance, where, in practical, at low frequencies the resistive voltage drop becomes significant compared with the induced voltage. This voltage drop causes a reduction in the air gap fltorque. In order to maintain the low-speed torque, the voltage/frequency control method is used for controlling the speed of PMSM with performance accuracy.presents Linear as well as Over modulation scheme of three phase Voltage Source Inverter. Over modulation scheme of Three phase VSI extends Modulation Index  from 0.907 to unity.  II. SPACE VECTOR PWM IN LINEAR The concept of the SVPWM relies on the representation of the inverter output as space vectors or space phases. Sparepresentation of the output voltages of the inverter is realized for the implementation of SVPWM. Space vector simultaneously represents three-phase quantities as one rotating vector, hence each phase is not considered separately. The three phases are assumed as only one quantity. The space vector representation is valid for both transient and steady state conditions in contrast to phase representation, which is valid only for steady state conditions. The concept of the space vector arises from the rotating air-gapphase induction machine. By supplying balanced threevoltages to the three-phase balanced winding of a threeinduction machine, rotating MMF is produced, which rotates at the same speed as that of individual vamplitude of 1.5 times the individual voltage amplitude
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where fa, fb and fcare the threecurrents, and fluxes. In the inverter PWM, the voltage spacevectors are considered. Since the inverter can attain either +0.5 Vdc or the DC bus has mid-point) or Vdc, 0, i.e. only two states, the total possible outputs are 23¼8 (000, 001, 010, 011, 100, 101, 110, 111). Here 0 indicates the upper represents the upper switch is ‘ON.’ Thus there are six active switching states (power flows from the input/DC link side of the inverter to the output/load side of the inverter) and two zero switching states (no power transfer from inthe load/load side). The operation of the lower switches are complimentary. By using equation (1) and Fig(1), the possible space vectors are computed and listed in Fig(1).The space vectors are shown graphically in Figure (2). The tips of the space vectors, when joined together, form a hexagon. The hexagon consists of six distinct sectors spanning over360 degrees with eachSpace vectors 1, 2. . ..6 are called active state vectors and 7, 8 are called zero state vectors. Tredundant vectors but they are used to minimize thefrequency. The space vectors are stationary while the reference vector v*s is rotating at the speed of the fundamental frequency of the inverter output voltage. It circles once for one cycle of the fundamental frequency. The reference voltage follows a circular trajectory in a linear modulation range and the output is sinusoidal. The reference trajectory will change in overwill be a hexagon boundary when the inverter is operating in the six-step mode. In implementing the SVPWM, the reference voltage is synthesized by using the nearest two neighbouring active vectors and zero vectors. The choice of the active vectors depends upon the sthe reference is located. Hence, it is important to locate the position of the reference voltage. Once the reference vector is located, the vectors to be used for the SVPWM implementation to be identified.to be used, next task is to find the time of vector, called the ‘dwell time’. The output voltage frequency of the inverter is the same as the speed of the reference voltage and the output voltage magnitude is the same as the magnitude of the reference voltage. 
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Switching States Space Vector Number Space Vector Voltages 
000 7 0 
001 5 343
2 j
dc eV  
010 3 323
2 j
dc eV  
011 4 jdc eV3
2  
100 1 03
2 jdc eV  
101 6 353
2 j
dc eV  
110 2 33
2 j
dc eV  
111 8 0 
Fig. 1 Space vector Voltages for a three-phase voltage source inverter 
 Fig.2 Voltage space vector locations corresponding to different switching states  The maximum modulation index or the maximum output voltage that is achievable using the SVPWM technique is the radius of the largest circle that can be inscribed within the hexagon. This circle is tangential to the mid-points of the lines joining the ends of the active space vector. Thus, the maximum obtainable fundamental output voltage is calculated from the right-angled triangle (Figure 3) as  
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 Fig 3. Determining the maximum possible output using SVPWM  The maximum possible output voltage using SPWM is 0.5 Vdc and hence the increase in the output, when using SVPWM, is (2/3Vdc)/(0.5Vdc)=1.154. The time of application of the different space vectors are calculated using the ‘equal volt second principle’. According to this principle, the product of the reference voltage and the sampling/switching time (Ts) must be equal to the product of the applied voltage vectors and their time of applications, assuming that the reference voltage remains fixed during the switching interval. When the reference voltage is in sector I, the reference voltage can be synthesized by using the vectors V1, V2, and Vo (zero vector), applied for time ta, tb, and to, respectively. Hence, using the equal volt-second principle, for sector I: 
oobass tVtVtVTv  21*  (3) 
cbas tttT    (4) The Space Vectors are given as 
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       (5) Substituting equation (3.29) into equation (3.28a) and separating the real (a-axis) and imaginary (b-axis) components    bdcadcss tVtVTv  3cos3232cos*   (6) 
  bdcss tVTv  3sin32sin*                 (7) Substituting α=π/3 and Solving equations (3.30a) and (3.30b) for the time of applications ta and tb: 
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bas ttTt 0     (10)  Generalizing the above equation for six sectors gives the following, where k=1, 2, . . ..6 is the sector number:  
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bas ttTt 0     (13)  After locating the reference location and calculating the dwell time, the next step in SVPWM implementation is the determination of the switching sequence. The requirement is the minimum number of switching’s to reduce switching loss, ideally one power switch should turn ‘ON’ and turn ‘OFF’ in one switching period. In order to obtain a fixed switching frequency and optimum harmonic performance from SVPWM, each leg should change its state only once in each switching period. This is achieved by applying the zero-state vector followed by two adjacent active state vectors in a half switching period. The next half of the switching period is the mirror image of the first half. The total switching period is divided into seven parts, the zero vector (000) is applied for 1/4th of the total zero vector time, followed by the application of active vectors for half of their application time and then again zero vector (111) is applied for 1/4th of the zero-vector time. This is then repeated in the next half of the switching period. This is how symmetrical SVPWM is obtained. The switching patterns showing the leg voltages in one switching period is depicted in Figure (4) for sectors I to VI.  III. OVER-MODULATION REGION In the SVPWM method, the maximum sinusoidal output is obtained when the reference is vs*=1/√3 Vdc and the trajectory is a circle inscribed inside the hexagon, called the linear modulation range. If the references increase more than this value, then the output cannot be realized by using the linear modulation technique and this is called the over-modulation.  It is seen in Fig. 5 that the zero-vector time of application just touches zero in the middle of the sector at 30 degrees. Increasing further the length of the reference voltage space vector will lead to a negative value of time of application. This is true for the other sectors too. Hence, for reference voltage vectors exceeding this limit, the zero voltage vectors cannot be used as such. When the reference voltage vector is more than this limiting value of vs*=1/√3 Vdc, the inverter moves into the over-modulation region as shown in Fig 6.  The over-modulation region is further divided into two sub-modes, the over-modulation region I and the over-modulation region II. In over-modulation region I, the reference voltage space vector is modified in such a way that it becomes a ‘distorted continuous reference voltage space vector.’ The magnitude of the reference voltage vector is altered but the angle is not modified. However, in the over-modulation region II, both the reference voltage space vector magnitude and the angles are modified in such a way that it becomes a ‘distorted discontinuous reference voltage space vector.’  
 Fig. 4 Switching pattern for SVPWM for sector I to VI   
 Fig. 5 Zero vector time of application in linear modulation range in sector I   
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 Fig. 6 Linear and over-modulation range A. Over Modulation Region I Consider Fig.7 (called Case-1): the outer circle shows the trajectory of the desired reference voltage vector, while the inner circle shows the end of linear modulation region. The reference voltage vector follows the desired circular trajectory from point x to point y. When the reference voltage space vector goes beyond the hexagon from point y to point p, the reference voltage space vector trajectory slides along the hexagonal straight line. After the end of the straight line (at point p), the trajectory once again follows the circular path from point p to q; this repeats in other sectors too. In this way the reference voltage vector is modified for over-modulation region I.  The reference voltage space vector follows a circular trajectory for some time and then a straight-line trajectory. The time of the application of the active space vectors for the circular trajectory is given by equations (8,9,10). The time of application of the active space vectors for the region y top (straight line) can be obtained as follows:  
 Fig. 7 Over-modulation I in SVPWM-Case 1   Let the modified space vector be vs*’ and be decomposed into a real and an imaginary part:    3coscos'*  vbvavs  (14) for γ < α < (π/3-γ) 
   3sinsin'*  vbvs   (15) Using he above equations 
      sin31cos'*sa vv  (16) From the Fig. 7, ABC forms, equilateral triangle, hence OB= OA+AB =  |va |+ | vb | = (2/3) Vdc Using the above equations, we determine the length of modified space vector and component vectors 
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  To obtain the expression for the time of application of the active space voltage vectors, the equal volt-second principle is applied:  
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asb tTt       (22) 0ot       (23) These equations are valid for the first sector; nevertheless, a similar relationship can be derived for other sectors. Implementation of the SVPWM follows the same procedure as that of the linear mode, except the time of application is now governed by equations (21,22 and 23).From Fig. 8 (called Case-2), it is seen that by modifying the trajectory of the reference space vector, the actual output becomes smaller than the desired reference. This is due to the fact that the volt-second balance is not met and the loss in the output corresponds to the volt-second area A2. To compensate for this loss and to maintain the volt-second balance, the reference voltage vector is further modified. The trajectory of the reference voltage vector follows the outer circle for a small distance when the hexagon boundary is met at point r. It then slides along the hexagon straight line up to point s, where it meets the circular trajectory and then moves along this circle. In this way, the volt-second lost in A2 is gained in area A1 and A3. 
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 Fig. 8 Over-modulation I in SVPWM-Case 2   A more precise calculation of the modified trajectory is needed in this case. The modified reference voltage expression is derived for different parts of the sectors. Once the voltage modified voltage reference is known, the time of application of the vector is calculated using equations (8,9 and 10) and accordingly the switching pattern is obtained and further used for the SVPWM implementation. The modified space voltage vector expression is obtained as  
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 for ((π/2)-γ) < α < (π/2)  A linearized relationship between the angle g and the modulation index is obtained as  γ = -30:23 MI + 27:94      for 0.9068 ≤ MI ≤ 0.9095 (28) γ = -8:58 MI +8:23           for 0.9095 ≤ MI ≤ 0.9485 (29) γ = -26:43 MI + 25:15      for 0.9485 ≤ MI ≤ 0.9517 (30) 
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modified reference voltage vectors length is calculated from equation (27), which is then used to calculate the time of application of the space vector using equations (8,9 and 10). B. Over Modulation Region II In the over-modulation region I, the angular velocity of the modified reference voltage space vector and desired reference voltage space vector is the same and constant for each fundamental cycle. The reference voltage and actual output 
voltage is equal during the over-modulation region I, due to the fact that the loss in the Area A2 (due to reduced length of the reference vector, since it cannot go beyond the hexagon boundary) is compensated for by increasing the length of the reference in area A1 and area A3. A situation arises when the desired reference voltage vector reaches 0.6061Vdc, where no more room exists in area A1 and area A3 to compensate for the loss in area A2. At this point, over-modulation region II starts. During this mode of over-modulation, both the reference voltage space vector length and angle is modified. For the region x to y and p to q (Figure 9), the modified space vector is held constant at the vertex of the hexagon. Hence, the desired reference voltage moves while the modified voltage vector does not. Once the desired reference reaches point y, the modified vector starts to slide along the side of the hexagon. The angle of the modified reference voltage vector is αm = 0                 0 < α < γ (31) αm = ((π/6)((α-γ)/((π/6)-γ)            γ< α < ((π/3)-γ) (32) αm = (π/6)  ((π/3)-γ) < α < (π/3) (33)  The modified space voltage vector expression is obtained as  
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    for ((π/2)-γ) < α < (π/2)  A linearized relationship between the angle g and the modulation index is obtained as γ = 6.4 MI -6.09        for 0.95 ≤ MI ≤ 0.98 (38) γ = 11.75 MI -11.34           for 0.98 ≤ MI ≤ 0.9975 (39) γ = 48.96 MI -48.43 for 0.9485 ≤ MI ≤ 0.9517 (40) 
.  Fig. 9Over-modulation II in SVPWM  IV. SIMULINK RESULTS The MATLAB/Simulink model can be developed using different approaches, using all Simulink blocks or all MATLAB coding. This section shows a model developed using the MATLAB function block and Simulink blocks. The 
34 IJRE | Vol. 03 No. 11 | November 2016 
model shown is flexible in nature and can be used to model continuous as well as discontinuous SVPWM by changing in the MATLAB function command. The simulation model is shown in Figure 10.The simulation waveform is shown in Figures 11 and 12.   
 Fig. 10. MATLAB/Simulink Model of space vector PWM 
 Fig. 11. Filtered leg voltages for SVPWM 
 ; Fig. 12 Filtered phase voltages for SVPWM.  The MATLAB/ Simulink model for implementing over-modulation using SVPWM is the same as that in Figure 10. TheMATLAB function block is modified in order to account for the over modulation. The time of application of the space vector is calculated using equations (8),(9),(10) and for the remaining period, time of application is computed using equations (21),(22),(23). The angle g is calculated using equation (28), (29), (30) as well as (38),(39) and (40). The MATLAB code requires the magnitude of the reference, the angle of the reference, and the timer signal for comparison. For the 50-Hz fundamental, filtered output voltages for different modulation indices are shown in Figure 13. 
 Fig. 13Inverter Phase ‘a’ voltage waveform at different modulation indices   V. CONCLUSION Space Vector Pulse Width Modulation in Linear and Over Modulation ranges have been simulated using MATLAB/SIMULINK. Inverter Phase Voltages for SVPWM in Linear Modulation are obtained. In Over modulation range, Inverter Phase Voltages are obtained by varying Modulation index from 0.907 to 1. Both results are compared.  REFERENCES [1] Vander Broeck, H.W. Skudenly,H and Stanke G, Analysis and Realization of a pulse width modulator based on voltage space vectors. IEEE Trans. Ind. Elect., 24(1), 142–150. [2] Iqbal, A., Lamine, A., Ashraf, I., and Mohibullah (2006)MATLAB/Simulink model for space vectormodulation of three-phase VSI. IEEE UPEC 2006, 6–8 September, Newcastle, UK, Vol. 3,pp. 1096–1100. [3] Iqbal, A., Ahmed, M., Khan, M. A., and Abu-Rub, H. (2010) Generalised Simulation andxperimental implementation of space vector PWM techniques of a three-phase voltage sourceinverter. Int. J. Eng. Sci. Tech. (IJEST), 2(1), 1–12. [4] Lee, D. C. and Lee, G. M. (1998)Anovel over-modulation technique for space vectorPWM inverter, IEEE Trans. Power Elect., 13(6), 1144–1151. [5] Have, A. M. (1998) Carrier-based PWM voltage source inverter in the over-modulation range. PhDthesis, University of Wisconsin. [6] Kerkman, R. J., Leggate, D., Seibel, B. J., and Rowan, T. M. (1996) Operation of PWM voltagesource-inverters in the over-modulation region. IEEE Trans. Ind. Elect., 43(1), 132–140.  
